Cl K-edge XANES measurements of atmospheric corrosion products (rust) formed on Fe, Fe-Ni and Fe-Cr alloys in chloride pollution have been performed using synchrotron radiation in order to clarify roles of anticorrosive alloying elements and of Cl in the corrosion resistance of weathering steel. The spectra of binary alloys show a shoulder structure near the absorption edge. The intensity of the shoulder peak depends on the kind and amount of the alloying element, whereas the energy position is invariant. This indicates that Cl is not combined directly with alloying elements in the rust.
Introduction
Various properties of steel depend a great deal on the kind and amount of elements added to the steel. It is well known that weathering steel, which contains small amounts of Cr, P and Cu, possesses high corrosion resistance in atmospheric environments. The inner part of an atmospheric rust layer formed on the surface of the weathering steel consists mainly of Cr-goethite with ion-selective permeability 1) and has a densely packed texture.
2) Therefore, the reason for the high corrosion resistance of the weathering steel is probably that the protective rust layer prevents the penetration of water and corrosive ions from the outside. Cr plays the most important role among anticorrosive elements in the corrosion resistance of weathering steel.
The conventional weathering steel mentioned above is used only in urban, industrial and rural areas because its corrosion resistance is reduced considerably by the presence of Cl in atmosphere. Many studies have been conducted so far to develop advanced weathering steel that is usable under a wider range of atmospheric conditions, principally by reexamining the steel composition. Thereby, it was found that Ni is a very effective anticorrosive element for improving the corrosion resistance in a saline environment. 3) However, the detailed roles of both alloying elements, Cr and Ni, in the corrosion properties in a saline environment remain unclear at present. We hypothesize that Cl combines with a large proportion of Cr in the corrosion process in conventional weathering steel, which prevents the generation of Cr-goethite. As a result, the protective performance of the rust layer should be decreased. If the chloride pollution rate is nearly constant, the generation rate of Cr-goethite, which exhibits the protective property, should be increased upon increasing the Cr content in weathering steel. We must characterize the corrosion product formed in the saline environment in order to confirm our hypothesis.
It is meaningful to analyze the structure of the rust layer and characterize the chemical state of the corrosion product.
If the corrosion resistance is a property of the protective rust layer, the structural and chemical information on the rust layer may explain the protective mechanism. We may be able to obtain information on the corrosion process, which is composed of many formation and transformation pathways of iron oxides, on the basis of the characterization results of final corrosion products.
We have already performed X-ray absorption fine structure (XAFS) analysis for the protective rust layer formed on weathering steel exposed for 17 years in an industrial atmosphere, by using synchrotron radiation. 4) XAFS methods including extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) techniques with synchrotron radiation are highly effective for investigating the local structural environment and chemical state of a specific element in a material.
In the present study, Cl K-edge XANES spectra of rusts formed on a Fe specimen and Fe-Cr and Fe-Ni binary alloy specimens were measured using synchrotron radiation in order to characterize the final state of atmospheric Cl entering into the rust. These samples were exposed to a saline environment near seashore. Cl K-edge XANES spectra of several chlorides and akaganéite, which is a typical corrosion product of iron in a saline environment, were also measured for reference.
Atmospheric exposure tests to obtain rust samples should be coordinated in a systematic program to control the methods and conditions to achieve high reliability of the experiments. The National Institute for Materials Science (NIMS) has been carrying out extensive atmospheric exposure studies at three test fields in Japan since 1998 to compile a database concerning atmospheric corrosion of iron binary alloys. Fortunately, we were provided with some exposed specimens from NIMS for our investigation, including all the specimens used in this study.
Experimental
The methods and results of atmospheric exposure tests performed by NIMS are described elsewhere. 5, 6) Meteorological and atmospheric data for the test sites and corrosion weight losses of specimens were measured throughout the period of exposure. Micrographs of the rust layers of the exposed specimens were also taken by NIMS.
The samples used for XANES measurements in this paper were rust formed on Fe, Fe-Cr and Fe-Ni plates (150 Â 50 Â 5 mm 3 ) exposed at the Japan Weathering Test Center at Miyakojima in Okinawa, located at 24 44 0 N (latitude), 125
19 0 E (longitude). The average deposition rates of pollutants, SO 2 and NaCl, at this site in 2000 were 0.026 mg/(dayÁ 100 cm 2 ) and 0.352 mg/(dayÁ100 cm 2 ), respectively. The specimens were supported horizontally under a metal roof during the exposure period of 2 years for Fe and 3 years for the others. The chemical compositions of specimens prepared for the exposure test are listed in Table 1 with the corrosion weight losses. The weight loss of the Fe specimen is markedly large in comparison with those of Fe-Ni and FeCr specimens, although the exposure period for the former is shorter than that of the latter. This result indicates that Ni or Cr addition reduces the corrosion rate of Fe specimens. In particular, as can be seen in the table, Ni seems to be a more effective anticorrosive alloying element than Cr.
It has been confirmed by microscopic examination that the rust layers on these specimens have a double layer structure similar to that of the conventional weathering steel. 7) We attempted to separate the inner layer from the outer one for our measurements. We firstly swept off the rust from the upward surface of the specimen with a nylon brush. Secondly, the rust layer adhering tightly to the surface was scraped off with a razor until the metal surface appeared. In this experiment, we used only the finally obtained powder that was considered to be from the inner part of the rust layer.
We also prepared the following powder samples as reference materials for the characterization of rust composition: 1) akaganéite (-FeOOH), a typical corrosion product of iron in the presence of Cl À ions, 2) NaCl and MgCl 2 , major constituents of seawater, 3) NaClO 2 , a relatively stable chlorate, 4) FeCl 3 , NiCl 2 , CrCl 3 and CrCl 3 Á6H 2 O, some hydrous and anhydrous metal chlorides. We synthesized akaganéite powder by a method reported previously 8) and used commercial chemicals for the others.
XANES spectra were taken at the bending-magnet beamline BL27A of the Photon Factory (PF) of the High Energy Accelerator Research Organization (KEK) in Tsukuba. The X-ray beam was reflected by a nickel-coated bent cylindrical mirror with an incident angle of 0.8 for focusing the incident X-rays as well as for eliminating of higher harmonics. The reflected beam was monochromatized by a double-crystal monochromator equipped with InSb (111) crystals having a lattice spacing of 0.374 nm. The monochromatized beam was introduced into the main vacuum chamber of the X-ray photoelectron spectroscopy (XPS) station of BL27A. The energy resolution around the Cl K-absorption edge (2820 eV) had previously been estimated to be less than 1.7 eV from the full width at half maximum (FWHM) of the Au 4f 7=2 photoelectron spectral line observed with the XPS station.
9)
The intensity of the beam incident onto a sample was monitored by measuring the photoelectric current of the Al foil filter installed between the monochromator and the XPS station. The powder sample was spread over carbon tape attached to an Al plate installed at the tip of a manipulator in the vacuum chamber of the XPS station. The entire area of the powder sample on the Al plate of 15ðHÞ Â 8ðVÞ mm 2 was irradiated with a monochromatized beam that has a sufficiently large cross section at the sample position.
The spectra were recorded with total electron yield measurements using a specimen current method.
10) The photon energy was scanned from 2790 to 2850 eV with a step width of 0.2 eV. In order to correct the background absorption due to supporting materials and the L-shell of Cl, the linear background that was determined in the pre-edge region was subtracted from the raw data. The spectrum was normalized at the energy position of the maximum main absorption above the absorption edge.
Results and Discussion
The Cl K-edge XANES spectra of the references and rust are shown in Figs. 1 and 2 . The photon energies of each absorption maximum labeled A, A 0 , B and C, determined from the first derivative of the spectrum, are given in Tables 2 and 3 . Almost all spectra show a strong absorption peak (A) in the region of 2825:9$2827:4 eV, which originates from a Cl 1s ! 4p transition. However, the main absorption peak A becomes obscure in the cases of FeCl 3 , CrCl 3 and CrCl 3 Á6H 2 O, whereas absorption A 0 , attributed to the transitions to the higher energy states, intensifies. The spectra of metal chlorides in Fig. 1 exhibit pre-edge peaks (B) below the main absorption. These peaks result from the transition from a Cl 1s orbital to the molecular orbitals composed of the metal 3d and Cl 3p orbitals. Sugiura and coworkers [11] [12] [13] [14] have already observed the Cl K-edge XANES of many metal dichlorides and trichlorides, including the references employed in our experiment, by using an X-ray tube. The experimental energy scale in Figs. 1 and 2 was calibrated by the first peak position of the spectrum of NiCl 2 , which was set to 2821.5 eV as they reported. The spectra of the rust formed on Fe-3Ni, Fe-3Cr and Fe-5Cr, shown in Fig. 2 , also show shoulder peaks (C) on the main edge.
We must consider that an atmospheric rust layer generally contains several corrosion products and environmental pollutants. Therefore, there is a possibility that we actually see a superposition of multiple spectra of Cl in different chemical states. However, we assume that the rust employed here contains a large amount of akaganéite because, as it can be seen in Fig. 2 , each spectrum closely resembles that of akaganéite, except for the shoulder peak mentioned above. It should also be added that the rust formed on steel in the presence of Cl generally contains akaganéite.
The energy positions of the shoulder peaks for Fe-3Ni, Fe3Cr and Fe-5Cr are nearly the same. This indicates that the The photon energies of absorption maxima A and C for rust are given in Table 3 . The spectra of rust resemble that of akaganéite except for the shoulder feature C. The origin of maximum A is described in the caption of Fig. 1 . The shoulder feature C is unexplainable from the spectra of wellknown chlorides shown in Fig. 1 . O, the spectra of which were reported by Sugiura and coworkers. Thus, we cannot clarify the origin of the shoulder peak in this study. The intensity of the shoulder peak depends on the concentration of Ni or Cr in the binary alloys. Since the shoulder peak for Fe is very weak or not present, Ni and Cr atoms in the alloys are thought to facilitate the growth of the unidentified chloride in the corrosion process. The shoulder peak for Fe-Ni alloy disappears when the concentration of Ni is more than 5% by weight, whereas the spectrum of rust of Fe-5Cr shows a distinct shoulder peak. As the corrosion loss of the Fe-5Ni specimen is the lowest among the binary alloys employed here, as seen in Table 1 , the shoulder peak may appear only when the binary alloy possesses relatively low atmospheric corrosion resistance.
Conclusion
We have measured Cl K-edge XANES spectra of the rust formed on Fe, Fe-Cr and Fe-Ni exposed to a saline atmospheric environment. The fundamental profile of those spectra suggests that the rust on these binary alloys contains a large amount of akaganéite, similar to general steel exposed in the presence of Cl. The shoulder peak on the main absorption edge indicates that some of the Cl in the rust formed on the binary alloys is in the form of the unidentified chloride that is produced only when the binary alloy possesses low atmospheric corrosion resistance. Therefore, although Cl does not combine directly with the anticorrosive elements, Ni and Cr, it is important to analyze the chemical state of Cl in rust in order to understand the corrosion mechanism and protection mechanism of weathering steels. Cl K-edge EXAFS and metal (Fe, Ni and Cr) K-edge XANES and EXAFS measurements using synchrotron radiation are in progress for this purpose.
